INTRODUCTION 62
The olfactory system of Drosophila melanogaster is often the subject in studies of 63 memory, evolution, gene choice, development and odorant-induced behavior. It is a 64 good model system because of its relatively stereotyped neuronal circuitry, complex 65 behaviors and convenient genetic tools. 
139
If GAL4 is a standard on-switch for nearly any desired transgene, GAL80 is the 140 logical off-switch. GAL80 binds the GAL4 transcriptional activation domain, thereby 141 preventing recruitment of RNA polymerase (Ma and Ptashne 1987) . GAL80 crosses are 142 much more convenient than classical breeding approaches ( Figure  2 ). In order to have 143 a single functional OSN in an otherwise silent olfactory system, the traditional method 144 uses an Orco null mutation (Larsson et al. 2004) . In this genetic setup, Orco mutant flies 145 are mostly anosmic, but function is restored to one OSN subset with Or-GAL4, UAS-146
Orco transgenes (Olsen, Bhandawat, and Wilson 2007 
Drosophila transgenes are embedded into the same two chromosomes (2 or 3) 154
recombination and PCR screening may be required to achieve this homozygosity.
156
Neurons seldom operate autonomously, but rather groups of neurons coordinate 157 within a circuit to provide an organism with perception and behavior. An investigation of 158 the behavioral impact provided by a limited number of different functional neuronal 159 types would require additional genes. The elaboration of genotypes (Figure  2) 
MATERIALS AND METHODS 170

Fly Stocks 171
Flies were reared on standard cornmeal/molasses food and kept at 25C with a 172 16 hours on/8hours off light cycle. All lines were obtained from the Indiana University 173
Bloomington Stock Center and the Janelia Research Campus. Any recombinants made 174 were validated with PCR. 175
Stock List: 176
Or7a-GAL4 #23907 177
Or7a-GAL4 #23908 178
Or10a-GAL4 #9944 179
Or13a-GAL4 #9946 180
Or13a-GAL4 #23886 181
Or19a-Gal4 #24617 182
Or22a-GAL4 #9951 183
Or22a-GAL4 #9952 184
Or22b-GAL4 #23891 185
Or33c-GAL4 #23893 186
Or35a-GAL4 #9967 187
Or42a-GAL4 #9970 188
Or42b-GAL4 #9971 189
Or43b-Gal4 #23894 190
Or46a-GAL4 #23291 191
Or47a-GAL4 #9981 192
Or56a-GAL4 #9988 193
Or59b-GAL4 #23897 194
Or59c-GAL4 #23899 195
Or67a-GAL4 #23904 196
Or67d-GAL4 #9998 197
Or71a-GAL4 #23121 198
Or82a-GAL4 #23125 199
Orco-GAL4 #23292 200
Orco-GAL4 #26818 201
Or85a-GAL4 #23133 202
Or85b-GAL4 #23911 203
Or85c-GAL4 #23913 204
Gr21a-GAL4 #24147 205
Or22a-mcd8::GFP #52620 206 pJFRC19-13xLexAop2-IVS-myr::GFP-p10 (attP8) Janelia stock #1171146 215 pJFRC59-13xLexAop2-IVS-myr::GFP-p10 (attP40) Janelia stock #3015445 216 217 218
GAL80 Creation 219
Primers were designed to capture the entire promoters described by (Couto, 220
Alenius, and Dickson 2005) (see Table  S1 ). Promoters were amplified from genomic 221 DNA using Q5 High Fidelity PCR (NEB #M0491S) and added to entry vectors using the 222 pENTR/D-TOPO system (Invitrogen 2012b) . Recombination with the pBP-GAL80Uw-6 223 (Addgene #26236) destination vector was done using the LR Clonase II system 224 (Invitrogen 2012a). To ensure no mutations, no gaps, and correct orientation, the 225 complete promoters were sequenced in the destination vector using the sequencing 226 primers shown in Table  S2 . PhiC31 site-directed transgenesis was performed by 227 Genetivision Inc. All GAL80 transgenes were inserted at the attP2 site. A single Or-228
LexA line was also created using the Or22a-promoter entry vector and 229 pBPnlsLexA::p65Uw (Addgene #26230).
231
Immunohistochemistry 232
Female adult brains were dissected one day after eclosion in cold S2 Schneider's 233
Insect Medium (Sigma Aldrich #S0146) and fixed while nutating for 55 minutes at room 234 acetate (diluted to 1% in mineral oil) was pipetted on a piece of filter paper (1X2 cm) in 269 a Pasteur pipette. The Pasteur pipette was then inserted into the hole of the plastic 270 pipette that carried continuous air stream to the antenna. For odorant delivery, the 271 stimulus controller (Syntech) was used to divert a 1 s pulse of charcoal-filtered air (5 272 ml/s) into the Pasteur pipette containing the odorant.
274
Signals were acquired and analyzed using AUTOSPIKE software (USB-IDAC System;; 275 Syntech). Spikes were counted in a 500 ms window from 500 ms after CO 2 delivery and 276 multiplied by 2 to calculate spikes/second. Then, the spikes in 1000ms before CO 2 277 delivery were subtracted to calculate the increase in spike rate in response to CO 2 278 (Δspikes/second). For each genotype, 6 flies (4-8 days old) were tested, with 1-3 279 sensilla tested in each fly. 280 281
RESULTS 282
Design of GAL80 Constructs 283
The following criteria were used to choose OR promoters for the collection. i) The 284
ORs should be relevant to current research as shown by the number of studies that 285 Equimolar expression of GAL4 and GAL80 is not always sufficient to effectively 291 eliminate GAL4 activity so the pBP-GAL80uW-6 vector was used. This vector contains a 292 modified GAL80 sequence, designed to increase the stability and expression of its gene 293 product (Pfeiffer et al. 2010 ). A few OrX-GAL80s were already made with this vector 294 and used effectively. (Gao, Clandinin, and Luo 2015) pioneered the technique by 295 creating a limited number of OrX-GAL80s. This work is a logical extension and makes 296 many additional OrX-GAL80s available for general use.
298
Testing GAL80 Efficacy and Specificity 299 GAL80 lines were created for the following odorant receptor promoters: Or7a, 300
Or10a, Or13a, Or19a, Or22a, Or22b, Or33c, Or35a, Or42a, Or42b, Or43b, Or47a, 301
Or56a, Or59b, Or59c, Or67a, Or67d, Or71a, Or82a, Orco, Or85a, Or85b, Or85c, and 302
Gr21a. To examine GAL4 subtraction in vivo, OrX-GAL80 flies were crossed to flies with 303 the genotype OrX-GAL4, UAS-GFP. OSNs expressing the same OR can be identified 304 from their specific glomerulus in the antennal lobe (Figure  1 ). OrX-GAL4, UAS-GFP 305 flies show robust expression of the GFP reporter gene in their respective glomeruli. 306
However, when OrX-GAL80 is added to the genotype, GFP expression is entirely 307 absent, indicating a robust antagonism of GAL4 activity (Figure  3) . The efficacy of 308
Or22b-GAL80 could not be determined because the OR22b-GAL4, UAS-GFP control 309
did not show robust or reliable GFP signaling in the first place. The created Or7a-310 GAL80 line was not effective at subtracting GFP signal. Though these lines are not 311 included in Figure  3 , they will still be available in the Bloomington Stock Center. Several 312 of the GAL80 lines also have expression in larvae. GAL4 subtraction was examined in 313 larval brains using the UAS-GFP reporter gene. In larvae, GAL80 reduced but did not 314 eliminate GAL4 activity ( Figure  S1a) .
316
The OrX-GAL80 lines were checked to ensure they would not have aberrant 317 expression in untargeted OSN subtypes. The pBP-GAL80uW-6 vector contains a 318 enhancer elements to drive strong expression (Pfeiffer et al. 2008 ), but it could also 320 cause the GAL80s to have nonspecific or leaky expression. Therefore, a version of 321 pBP-GAL80uW-6 was cloned with the DSCP removed. However, when the DSCP was 322 absent, GAL80 expression was insufficient to subtract GAL4 activity ( Figure  S1b) . otherwise fully-labeled brain, but results shown in Figure  S1c give reasonable 328 confidence that the GAL80s do not have widespread nonspecific expression. It can also 329 be noted that the GAL80 subtraction does not interfere with reporter gene expression in 330 a genetic system that does not use GAL4. When Or22a-GAL80 is used in conjunction 331 with Or22a-GFP, containing no GAL4/UAS intermediary, the GFP is still expressed 332 ( Figure  S1d ). These images, showing subtraction of reporter gene expression, confirm 333 that GAL4 activity is suppressed anatomically by the GAL80 lines. 334 335
To confirm GAL4 was suppressed physiologically by the GAL80s, Single 336 Sensillum Recordings (SSRs) were used to assay electrical activity of OSNs. Gr21a-337
GFP was used to identify sensilla of interest without interfering with the 338
GAL4/UAS/GAL80 system. Gr21a neurons are housed in ab1 sensilla. Carbon Dioxide 339 exposure causes a robust response in Gr21a ab1C neurons (Hallem and 
Gr21a-GAL4, UAS-Kir2.1) greatly reduced spiking responses to CO 2 (mean 347
Δspikes/s=14, N=12 sensilla, p=0.01). When Gr21a-GAL80 was added (genotype 348
Gr21a-GFP, Gr21a-GAL4, UAS-Kir2.1, Gr21a-GAL80), responses to CO 2 were restored 349
(mean Δspikes/s=94, N=6 sensilla, p< 0.001. No significant difference from genotype 350
Gr21a-GFP, p= .26) (Figure 4a). 351 352
To make sure the system also worked for neurons expressing an OR protein (in 353 additional to a GR), SSR was also done with ab3 sensilla. Ab3 houses Or22a-354 expressing neurons. This receptor is known to be activated by a diverse set of odorants, Or22a-LexA transgenic animal was therefore created using the same promoter that was 361 used to create the Or22a-GAL80 gene (this line is also available through Bloomington). 362
When crossed to a LexAop2-GFP line, the ab3 sensilla showed bright fluorescence. 363
When Or22a-LexA, LexAop2-GFP flies were exposed to Isoamyl acetate or to E2-364 hexenal, their sensillar neurons showed robust responses (mean Δspikes/s=67.86 and 365 27.71, N=7 and 7 sensilla, respectively). Unlike the Gr21a neurons, Kir2.1 expression in 366 the Or22a neurons effectively eliminated both spontaneous and odor-evoked activity. 367 (mean Δspikes/s=0, N=7 sensilla, p<.001 for both odorants). Both activities could be 368 restored with the addition of the Or22a-GAL80 gene (Isoamyl acetate: mean Δspikes/s 369 =74.29, N=7 sensilla, p<.001;; E2-Hexenal: mean Δspikes/s =25, N=7 sensilla, p<.001). 370 Neurons showed some low-level responses to mineral oil alone, the solvent used for the 371 odorants ( Figure  4b ). Only genotype 3 Or22a-LexA, LexAop2-GFP, Or22a-GAL4, UAS-372
Kir2.1, Or22a-GAL80 showed significantly higher responses to mineral oil than 373
genotypes Or22a-LexA, LexAop2-GFP (p=.01) and Or22a-LexA, LexAop2-GFP, Or22a-374
GAL4, UAS-Kir2.1 (p=.005), but the latter two genotypes showed no significant 375
response to mineral oil alone. The results in Figure  4 confirm that GAL80 functions 376 effectively to prevent GAL4-induced activity in OSNs. 377 378
DISCUSSION
380
The collection of GAL80 lines subtracts GAL4 activity efficiently and specifically 381 in OSNs. In anatomical studies, reporter gene expression from the GAL4/UAS system is 382 suppressed. Neurons silenced with Kir2.1 expression have normal firing capacity 383 restored when GAL4 is antagonized using the GAL80 lines.
385
In behavioral assays, using a GAL80 transgene will be more flexible than mutant 386 lines and less cumbersome than crafting the required recombinants as the complexity of 387 the genotype increases. Though in some special circumstances, olfactory sensory 388 neurons have been shown to produce behaviors autonomously, this is not a widely 389 applicable principle, and further investigation upon this principle requires better tools. 390
For example, Fishilevish et al (2005) used larvae in their study to restore aversion with a 391 single functional OSN subtype, but the larval olfactory system may be fundamentally 392 different from adults in this respect., (Bhandawat et al. 2010 ) also showed that single 393 glomerular activity is sufficient to invoke a behavioral response, but that study was done 394 using an intact and fully functional olfactory background, so some neuronal cooperation 395 
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FIGURE LEGENDS 430
Odorants were diluted in mineral oil and neurons from the GAL80 restorative genotype 483 did show low-level responses to mineral oil alone (bottom). 
